tential to make the heart energetically more efficient (5, 6) . K ATP channels contain 2 subunits, an inwardly rectifying potassium ion channel (Kir) (Kir6.1 or Kir6.2) and the sulfonylurea receptor (SUR1 or SUR2) (7) (8) (9) (10) . SUR2-contaning K ATP channels are enriched in the heart, skeletal muscle, and vascular smooth muscle, where they regulate a range of physiological effects including cardiac stress response, blood pressure, and vascular tone (2) . The major ventricular cardiomyocyte K ATP channel is composed of SUR2 and Kir6.2, encoded by ABCC9 and KCNJ11, respectively.
In the mouse, genetic deletion of Kir6.2 leads to calcium overload and myocardial damage (5) . Loss of Kir6.2 also leads to enhanced myocardial damage in the setting of hypertension and toxemia (11, 12) .
Taken together, these studies describe enhanced susceptibility to stress in the cardiomyocyte lacking the Kir component of functional K ATP channels.
We previously generated and characterized mice with 2 different deletions in SUR2. The first was a global deletion in which exons 14 to 18 of Abcc9 were removed (13) . These exons encode the first nucleotide-binding domain of SUR2 and with this deletion no full-length protein was detectable. This model, now referred to as SUR2-Ex14/18, developed hypertension, episodic coronary artery vascular spasm, bradycardia, and sudden death (13) . Deleting
Kcnj8, which encodes Kir6.1 and is the major component of vascular smooth muscle K ATP channels, induced a similar phenotype (14) . The similar phenotype between Kir6.1 and SUR2-deleted mice supported the notion that vascular spasm arises from loss of SUR2-Kir6.1 K ATP channels in vascular smooth muscle.
The physiological role of SUR2-K ATP channels is complex. Although loss of SUR2 results in vascular spasm and sudden death, it was also associated with protection from ischemic insult in surviving animals (15) . SUR2 Ex14/18 mice were found to have reduced infarct size after global ischemia compared with normal mice, and therefore, protection from ischemia occurred in the absence of SUR2-K ATP channels.
We hypothesized that the continual vasospasm present in these animals was sufficient to trigger a preconditioned-like myocardium that was more resistant to stress. An alternative hypothesis implicated a smaller protein produced from the Abcc9 gene, called SUR2-55, as responsible for mediating cardiac protection (16, 17) . SUR2-55 remained intact Aubert et al.
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and readily detectable in SUR2-Ex14/18 mice. To assess this hypothesis, we generated a distinct deletion strategy for Abcc9 to ablate both full-length SUR2
and SUR2-55. This mouse model, SUR2-Ex5, died in the neonatal window with cardiomyopathy, further suggesting a critical role for SUR2-55 in cardiac adaptation to postnatal life (18) . We specifically found that SUR2-Ex5 mice failed to normally transition from glycolytic metabolism that is present in fetal myocardium to the postnatal oxidative metabolic state (18) .
To address the role of SUR2 in the adult myocardium, we generated adult mice with a conditional ablation of Abcc9/SUR2 in the ventricular myocardium. These mice, referred to as cardiac-deleted SUR2 removed from the cannula, triturated with a transfer pipette, and filtered through a 100-mm cell strainer.
Cardiomyocytes were allowed to pellet by gravity for 7 min, followed by aspiration of digestion media and washing with stop buffer (formulated identically to digestion solution except with no collagenase and with 1% bovine serum albumin). Cells were again allowed to gravity pellet followed by a wash in stop buffer without bovine serum albumin.
Cardiomyocytes were tolerated to calcium by adding Table 1 . For all reactions, 40 cycles were performed with annealing and extension at 60 C for 70 s total.
Melt curves of the reaction products were obtained for each primer set using SybrGreen master mix.
Quantitative PCR data were analyzed using the DDCq method. ml of TES buffer using a Dounce homogenizer. Both supernatants were combined for a total of 10 ml.
Homogenate was centrifuged for 10 min at 100 Â g at 4 C. Supernatant was removed and the pellet was resuspended in 300-ml TES (input control). The supernatant was centrifuged again for 10 min at 5000 Â g at 4 C. The supernatant was removed and the pellet was resuspended in 300-ml TES to yield a plasma membrane enriched fraction. This mouse was then crossed to a tamoxifeninducible aMHC-MerCreMer (MCM) transgenic mouse for cardiomyocyte-specific deletion ( Figure 1C ) (19) . Adult mice 8 weeks of age received tamoxifen for 4 consecutive days ( Figure 1D ). Tamoxifen 
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( Figures 2F and 2G ). These data showed that loss of SUR2 in adult cardiomyocytes was sufficient to induce a reduction in cardiac performance. SLC2A4, which encodes the insulin-sensitive glucose transporter GLUT4, was >90% concordant with ABCC9 expression ( Table 2 ). The Slc2a4 transcript and GLUT4 protein levels were not altered in cardiac SUR2-deleted hearts ( Figures 6A and 6B ). Slc2a1, which encodes GLUT1, and the GLUT1 proteins were also similarly unaffected by cardiac SUR2 ablation. To evaluate the possibility that GLUT4 and SUR2
LOSS OF SUR2 PROVIDES RESISTANCE
interact, HEK cells were transfected with constructs to express GLUT4 with SUR2-GFP, SUR55-GFP, or
KIR6.2-GFP. Co-immunoprecipitation with GLUT4
from HEK cell lysates showed that SUR2, SUR55, and KIR6.2 each co-associated with GLUT4 ( Figure 6C ).
SUR2 also co-immunoprecipitated with GLUT4 in ly-
sates prepared from normal hearts confirming that this interaction was present with natively expressed proteins ( Figure 6D ). These data indicated that SUR2
and GLUT4 interact, directly or indirectly, and may be in the same membrane complex.
LOSS OF SUR2 ALTERS GLUCOSE UPTAKE AND
GLUT4 LOCALIZATION. Translocation of GLUT4 to the sarcolemma increases glucose uptake by the cell and is directly stimulated by insulin signaling (27, 28) .
To examine if the conditional deletion of SUR2 in Aubert et al.
protein that regulates glucose uptake by signaling through the AKT pathway, resulting in translocation of GLUT4-containing vesicles to the plasma membrane (30) . Insulin receptor protein expression levels were similar in MCM Cre-and MCM Creþ hearts ( Figure 7C) . However, the ratios of phosphorylated AKT(Thr308) to total AKT and phosphorylated AKT(Ser473) to total AKT were significantly increased in SUR2-deleted hearts after insulin stimulation ( Figures 7D and 7E ). FOXO1 is a transcription factor that regulates energy metabolism, specifically increasing cardiac fatty acid uptake and inhibiting Figures 1 and 2 .
glucose utilization (31) (32) (33) . Moreover, the activity of FOXO is known to be negatively regulated through phosphorylation by AKT (34). We found the ratio of pFOXO1(Thr24)/FOXO1 was also significantly increased at baseline and after insulin stimulation in SUR2-deleted cardiomyocytes compared with controls ( Figure 7F ). These data show that in the absence of SUR2 there is an increase in insulin-dependent cardiac glucose uptake, an increase in GLUT4 in the membrane fraction and enhanced signaling. We conclude that this shift in glucose uptake can be adaptive in response to myocardial stress including isoproterenol infusion or infarct.
LOSS OF SUR2 ALTERS GLUCOSE UTILIZATION IN
THE HEART AND LEADS TO INCREASED PHOSPHO-CREATINE CONTENT. The cardioprotection observed after ischemia reperfusion without circulating insulin, along with increased baseline insulin signaling in SUR2-deleted cardiomyocytes prompted us to better delineate cardiac metabolism in the absence of insulin using increased glucose uptake by both insulin and non-insulin dependent mechanisms. We profiled 115 hydrophilic metabolites (n ¼ 3 hearts per group) (Supplemental Table 2 Aubert et al.
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A P R I L 2 0 1 9 : 2 5 1 -6 8 production from glucose in the SUR2-deleted heart (Supplemental Figure 1) . Tricarboxylic acid cycle metabolites showed no significant differences in these assays (Supplemental Figure 1) . Aubert et al.
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IMPROVED ADAPTATION TO SHORT-TERM STRESSORS. Strikingly, we observed that adult cardiac-deleted SUR2 hearts were able to withstand short-term cardiac stressors better than normal counterparts. Specifically, 2 different methods, highdose isoproterenol infusion and ischemia reperfusion, showed that adult cardiac-deleted SUR2 hearts maintained function better after these insults. These findings suggest that the metabolic shift resulting from loss of SUR2 makes cardiomyocytes more resilient to acute stress. We expect that longer-term stressors would more adversely affect hearts lacking SUR2, as glucose utilization is less able to maintain energy supplies. We previously observed that SUR2
Ex14-18 hearts developed vascular spasm (13) and hypothesized that vascular spasm in this setting effectively pre-conditioned the myocardium, rendering it more likely to adapt to ischemic insult (15) . We examined cardiac-deleted SUR2 for any evidence of vascular spasm using telemetry to look for ST-segment elevation but did not observe this (Supplemental Figure 2) . The current model demonstrates that the loss of SUR2 in the cardiomyocyte itself is responsible for adaptation to short-term stressors.
INCREASED INSULIN SIGNALING IN CARDIOMYOCYTE-SUR2
HEARTS. We previously observed that SUR2 Ex14-18 skeletal muscle had increased glucose uptake despite no change in GLUT4 expression (42) . In this study, we now found that SUR2-deleted hearts show 
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A P R I L 2 0 1 9 : 2 5 1 -6 8 increased glucose uptake and utilization through at least 2 distinct mechanisms. First, GLUT4, the major insulin-sensitive transporter in the heart was found in a complex with SUR2. Co-expression of SUR1 and GLUT4 has been noted in some cell types (43).
Both SUR2 and GLUT4 are enriched in striated muscles, including both cardiac and skeletal muscle.
GLUT4 is dynamic and recruited to and from the plasma membrane in response to insulin (44, 45) .
Consistent with this, we identified excessive glucose uptake in cardiomyocytes lacking SUR2. These data are consistent with a model where GLUT4 internalization and recycling may be delayed, leading to excessive glucose uptake, which alters glucose handling and energy storage as phosphocreatine. 
